SUMMARY Ventricular activation during ventricular tachycardia was studied by intraoperative epicardial and endocardial mapping in 21 patients with coronary artery disease and previous myocardial infarction who underwent operation for recurrent ventricular tachycardia. Twenty-nine morphologically distinct tachycardias were mapped; 18 tachycardias had a right bundle branch block morphology and 11 had a left bundle branch block morphology. After cannulation for bypass, the tachycardias were induced and electrograms were recorded at 55-75 epicardial sites. After starting cardiopulmonary bypass, the infarction was incised and electrograms were recorded at 
INTRAOPERATIVE epicardial mapping has been used to guide the surgical therapy of recurrent ventricular tachycardia (VT) due to chronic ischemic heart disease; however, the results of this technique have been disappointing. 12 Previous studies of VT associated with myocardial infarction have suggested that surviving subendocardial cells contribute to the genesis of these arrhythmias.3-5 Because of variable conduction patterns within the infarcted area and the inability of epicardial mapping to examine activation of the interventricular septum, epicardial mapping alone has been misleading for identifying the site of origin of VT in experimental infarction. 6 Recently, we undertook surgical ablation of recurrent postinfarction VT.7 Ventriculotomy during normothermic cardiopulmonary bypass has permitted precise delineation of endocardial conduction patterns not otherwise feasible. In the present study we examine the patterns of epicardial and endocardial activation during VT associated with chronic myocardial infarction in man.
The sequence of ventricular epicardial and endocardial activation during VT was studied in 21 patients who underwent cardiac surgery for recurrent sustained VT. All patients had coronary artery disease and had sustained an acute myocardial infarction 1-156 months before surgery. Nineteen patients had left ventricular (LV) aneurysms and two (cases 13 and 19) had akinetic areas on left ventriculography (table  1) . In all patients, VT similar in morphology and rate to their clinically occurring tachycardia could be initiated by programmed electrical stimulation. During preoperative studies, catheter endocardial mapping was performed as previously described.8 In each patient the earliest endocardial electrogram recorded in the right ventricle occurred after at least one LV endocardial electrogram. Activation mapping was performed after cannulation for cardiopulmonary bypass. Bipolar plunge electrodes (0.005 inch diameter, Tefloncoated, stainless-steel wire inserted via a 23-gauge needle) were inserted in the right and left ventricles to provide reference electrograms. Bipolar electrodes were also inserted in either the right or left ventricle for stimulation. In 12 patients, right ventricular (RV) stimulation and recording were accomplished with a quadripolar electrode catheter positioned at the RV apex preoperatively.
After the initiation of VT by programmed stimulation, bipolar electrograms were recorded with a roving electrode at 55-75 preselected epicardial sites on both ventricles. This electrode had two platinum electrodes 0.5 mm wide with a 2-mm interelectrode distance mounted in a ring. Particular attention was directed toward the margins of the aneurysm (or infarction) and recordings at these sites were obtained both at the beginning and end of the epicardial mapping to establish reproducibility. In eight patients, two distinct morphologic forms of VT occurred during these studies, and both were mapped. If At the completion of epicardial mapping, full cardiopulmonary bypass was initiated and the aneurysm or infarction was incised. In 13 patients this was performed during VT; despite ventriculotomy and subtotal aneurysmectomy, VT persisted in these patients. In the other eight patients, ventricular fibrillation was induced by electrical stimulation before ventriculotomy. In three of these patients, VT was not initiated after ventriculotomy in two because of the presence of extensive mural thrombus and in the other because programmed stimulation failed to reinitiate sustained arrhythmia. In the other five patients, VT was reinitiated after ventriculotomy. LV endocardial mapping during VT was performed with the roving electrode under direct vision. Bipolar electrograms were recorded at 28-55 preselected endocardial sites in the left ventricle in a radial pattern around the margin of the aneurysm in successive rows 1 cm apart. In patients in whom the aneurysm was contiguous with the interventricular septum, electrograms were recorded from the left side of the septum.
The reference and mapping electrograms filtered at 40-500 Hz were recorded simultaneously with three electrocardiographic leads (1, 2 or aVF, and V5, V6, V,R or V6R) with a band pass of 0. 1-100 Hz and 10-msec time marks. All data were recorded on magnetic tape (Honeywell 5600C) and simultaneously recorded at a paper speed of 250 mm/sec (Elema Mingograf ink-jet recorder). For illustrative purposes data were later retrieved on photographic paper at speeds of 100-200 mm/sec (E for M VR-16).
Data analysis was performed with a HewlettPackard computer and digitizer (9825). The activation time at each site was measured for five consecutive complexes and averaged. Measurements were made at the point at which the first rapid deflection of the bipolar electrogram crossed the baseline. Earliest epicardial activation during VT occurred 10-76 msec after the onset of the QRS complex (table  2) . In three tachycardias, one other area of secondary epicardial breakthrough occurred 6-28 msec after initial epicardial breakthrough (EBT).
In the 18 tachycardias with a RBBB morphology, earliest EBT occurred on the LV epicardial surface (figs. l and 2). In 17, earliest EBT was located along the epicardial margin of the aneurysm; in the remaining tachycardia in a patient with an anteroseptal aneurysm EBT during VT occurred along the posterior interventricular groove ( fig. 3) . Activation of the remainder of the epicardial surface occurred by concentric spread from the area of EBT or coalescence of that wave front and that originating from the area of later EBT. In two patients, two tachycardias, each with a RBBB morphology and different frontal plane axes, occurred. The changes in QRS axis in these tachycardias were associated with changes in the site of EBT (fig 4) . In these tachycardias, earliest EBT remained on the LV epicardial surface; however, the two tachycardias were associated with different sites of EBT.
In 16 of the 18 VTs with a RBBB morphology, LV epicardial activation was completed before that of the right ventricle. In the other two tachycardias, very slow LV epicardial activation in a small area (vide infra) prolonged LV epicardial activation beyond the end of RV epicardial activation time.
Eleven VTs had a LBBB morphology. In 10 tachycardias, earliest epicardial activation occurred on the RV epicardial surface along the interven- tricular groove (figs. 5 and 6). In three of these tachycardias, a second area of EBT was observed, two of these on the LV surface. These sites of secondary EBT on the left ventricle occurred 19 and 28 msec after RV EBT. Epicardial activation spread from these areas to envelop both ventricles. Epicardial activation of the right ventricle was completed 39-70 msec before the end of LV epicardial activation. In one VT with a LBBB morphology, the earliest EBT site was located on the left ventricle (patient 2). LV epicardial activation proceeded slowly and was completed 47 msec after RV activation. During five VTs (table 2, 10, lla, llb, 18 and 19) very slow epicardial activation or segmental block occurred; this was indicated by adjacent epicardial sites that had greater than 100 msec difference in activation times. In four tachycardias, this very slow conduction or block occurred adjacent to the site of earliest epicardial breakthrough along the margin of the infarct ( fig. 2 ). In each of these tachycardias the period of slow conduction was confined within the limits of the QRS complex and never extended into electrical diastole as defined by the surface ECG. In 16 patients (21 tachycardias) electrograms recorded on the epicardial surface of the infarct (or aneurysm) were either absent, reflected cavity potential, or were fragmented and of extremely low amplitude (< 50 gV).
Endocardial Activation
Extensive LV endocardial activation studies were performed during 25 tachycardias. Discrete LV endocardial electrograms were recorded 2-48 msec before the onset of the QRS complex (table 2, figs. 2, 6, 7 and 8). The interval between earliest endocardial activity and earliest EBT ranged from 14-85 msec. There was no correlation between the location of the site of the earliest endocardial electrogram and earliest EBT or the interval between them. For example, in tachycardia 15 the earliest endocardial elec- (fig. 9 ). Thus, a specific site of earliest activity could not be assigned. In 11 other tachycardias (eight patients) endocardial electrograms were recorded throughout the cardiac cycle in an area of 4-6 cm2; thus, a discrete site of origin could be identified ( fig. 10 ). axis was associated with epicardial breakthrough 38 msec after the onset of the QRS on the medial aspect of the aneurysm. In panel B, VT-RBBB with right-axis deviation was associated with epicardial breakthrough 50 msec after the onset of the QRS on the lateral border of the aneurysm. The origin of both VTs was at the base of the posterior papillary muscle, which was abnormally positioned.
Relationship Between the Location of Earliest Endocardial Activity and EBT
In 10 of the 11 tachycardias in which earliest endocardial activity was located on the free wall of the left ventricle (anterior, lateral or posterior) the EBT site was also located on the LV free wall. While EBT overlaid or was within 2 cm of the site of earliest endocardial activity in four of these tachycardias, in five the site of EBT was in a different segment of the LV wall than the early endocardial site (e.g., tachycardia 17, posterolateral endocardial origin and anterolateral EBT). In the remaining tachycardia with a LV freewall location of early endocardial activity (tachycardia 6b) an anterior endocardial site was associated with preferential conduction across the septum and EBT on the right ventricle ( fig. 11) .
In 11 tachycardias, the earliest recorded endocardial activity was on the septum; in these, no correlation was observed between the sites of EBT and early endocardial activity. EBT was located on the anterior right ventricle in four tachycardias, the posterior right ventricle in three, the anterior left ventricle in two and the posterior left ventricle in two. In all tachycardias associated with earliest septal endocardial activity, EBT occurred adjacent to the interventricular groove on either the right or left ventricle. In nine of the 10 VTs with a LBBB morphology (VT-LBBB) the site of earliest recorded endocardial activity was the septum (fig. 8 ). In the remaining VT, preferential septal conduction from an anterior LV endocardial site was responsible for early septal activation. In 10 of 11 VT-LBBBs, initial EBT occurred on the right ventricle. In the remaining VT-LBBB, EBT occurred on the anterior left ventricle along the interventricular groove but RV activation proceeded more rapidly than LV activation. In all VT-LBBBs, RV activation was completed before LV activation.
In eight of 13 VT-RBBBs the earliest endocardial electrogram was recorded at an LV free-wall site, while in five VT-RBBBs it was recorded on the LV septum. In 16 of 18 VT-RBBBs, completion of LV activation preceded RV activation.
In eight patients, two morphologically distinct VTs occurred. In two of these patients (four and 18) both VTs had RBBB morphology. In patient 4, the earliest endocardial electrograms were recorded on the septum and the two frontal plane axes were associated with anterior and posterior EBTs ( fig. 3) . In patient 18, earliest endocardial activity was recorded on the posterior left ventricle at the base of the posterior papillary muscle and the different frontal plane axes were associated with posterolateral and posteromedial EBTs, both along the margin of the aneurysm (fig. 4) .
In six patients, VTs with both RBBB and LBBB morphologies were observed. In each the site of earliest recorded endocardial activity was either in the septum or adjacent to the septum. In these patients, the VT-RBBB form was associated with LV EBT and the VT-LBBB form occurred with either a RV EBT (five patients) or RV activation which preceded LV activation (one patient). In three of these patients, the site of earliest endocardial activity was identical for both morphologies and the two forms were dependent upon alterations in the endocardial activation patterns and functional block on the endocardial surface of the infarction ( fig. 11) . In patients 9 and 20 each VT morphology'was associated with a different site of early endocardial activity. These sites were adjacent (anterior left ventricle and mid-anterior septum, posterior septum and high posterior left ventricle).
Discussion
The present study reports the results of extensive epicardial and endocardial activation mapping during recurrent sustained VT associated with chronic myocardial infarction in man. These studies show that VT The electrophysiologic data obtained in this study as well as data previously presented by other investigators strongly support the concept that this arrhythmia usually originates in the endocardial layers of the left ventricle. In each tachycardia studied in this series, earliest epicardial activation occurred after the onset of the QRS complex, whereas an endocardial site at which activation preceded the onset of the QRS was identified in all. Furthermore, in 21 of 29 tachycardias no local electrical activity was present on the epicardial surface of the aneurysm. Pathologic studies have shown that survival of an endocardial rim is common in human myocardial infarction, while intramural and subepicardial tissue is typically replaced by fibrosis, especially in extensive infarctions that result in aneurysm formation.9 10 No 6, JUNE 1980 They also found that the earliest electrical activity was located on the endocardial surface and resection of these sites prevented subsequent episodes of VT in their patients. However, Spurrell et al. ' reported a case of VT in which mapping data suggested a epicardial site of origin. In this case, however, endocardial mapping was not performed.
The most persuasive evidence that the earliest endocardial site identified in this series was the site of origin of the VT was the result of surgical resection. In the 18 patients in whom resection of the earliest recorded endocardial site was anatomically feasible, v 5 VT was abolished. 17 have suggested that this arrhythmia is usually due to reentry. Although reproducible initiation and termination of VT by programmed electrical stimulation has recently been challenged as a criterion for reentry by the discovery of trigerrable automaticity,'8 other evidence continues to support reentry. The most significant evidence has been the demonstration that the initiation of VT was dependent upon the development of continuous fragmented electrical activity before the first and between subsequent complexes of VT. 19 In two of our patients, endocardial recordings during VT give further support to the reentrant mechanism. These recordings show activation along a continuous pathway in which activation of each site was dependent upon activation of immediately adjacent proximal sites. This demonstration is similar to the observations made in isolated atrial tissue during tachycardia by Allessie et al. 20 Although we could not record the local activity at each site at the onset of the tachycardia, other observations indicate that these records did not result from a rapidly discharging automatic focus from which activation proceeded in only one direction due to unidirectional block. Despite the usual oscillations in cycle length common during VT, activation at any one site never preceded the activation at the previous adjacent site, nor did the relationship between any two sites change substantially. In fact, VT was never observed in the absence of this sequence of activation which spanned the cardiac cycle. Unidirectional block did not exist during sinus rhythm or rapid ventricular pacing at a rate near or greater than the tachycardia rate. Finally, pressure at more than one site around the pathway reproducibly terminated the tachycardia, suggesting block in the reentrant pathway rather than suppression of an automatic focus. Although we recorded discrete electrograms throughout the cardiac cycle in only three tachycardias, we could record electrograms with discrete systolic and diastolic components in 11 other tachycardias. These may represent recordings from a smaller reentrant pathway of the type from which continuous electrical activity may be recorded with electrode catheters. ' The observation that the origin of sustained VT is located in the border of LV aneurysms, a site usually not resected, explains the inconsistent success of simple aneurysmectomy in the therapy of this arrhythmia.2025 Since the aneurysmectomy margins are usually incorporated into the suture line, ablation of the arrhythmia depends on chance. Furthermore, our studies support the previous recommendations6' 12 that epicardial mapping alone may be misleading for identification of the origin of ventricular arrhythmias associated with chronic ischemic heart disease. Endocardial mapping should be performed as an important adjunct in the surgical therapy of VT. The results of this mapping would provide the information for additional resection of specific sites critical to the genesis of the arrhythmia.
Conclusions
The VT associated with ventricular aneurysm originates in the subendocardial layers along the margin of the aneurysm. The QRS morphology during VT is dependent upon the site of EBT and is largely independent of the site of origin. Finally, endocardial and epicardial activation must be assessed in planning surgical approaches for treatment of VT.
